Abstract The current study was designed to delineate temporal changes in cardiomyocytes and mitochondria at the light and electron microscopic levels in hearts of mice exposed transplacentally to commonly used nucleoside analogs (NRTIs). Pregnant CD-1 mice were given 80 mg AZT/kg, 40 mg 3TC/kg, 80 mg AZT/kg plus 40 mg 3TC/ kg, or vehicle alone during the last 7 days of gestation, and hearts from female mouse pups were examined at 13 and 26 weeks postpartum for histopathological or ultrastructural changes in cross-sections of both the ventricles and the interventricular septum. Using light microscopy and special staining techniques, transplacental exposure to AZT, 3TC, or AZT/3TC was shown to induce significant histopathological changes in myofibrils; these changes were more widespread at 13 weeks than at 26 weeks postpartum. While most light microscopic lesions resolved, some became more severe between 13 and 26 weeks postpartum. Transplacental NRTI exposure also resulted in progressive drug-specific changes in the number and ultrastructural integrity of cardiac mitochondria. These light and electron microscopic findings show that a subset of changes in cardiac mitochondria and myofibrils persisted and progressed months after transplacental exposure of an animal model to NRTIs, with combined AZT/3TC exposure yielding additive effects compared with either drug alone. 
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Keywords AZT Á 3TC Á Cardiotoxicity Á Electron microscopy Á Histopathology Á Mitochondrial pathology Á PTAH stain Á Transplacental exposure Á Trichrome stain Á Ultrastructural pathology 0 -thiacytidine, 3TC) are the nucleoside reverse transcriptase inhibitors (NRTIs) most commonly used as components in 'highly active antiretroviral therapy' (HAART) designed to inhibit viral replication in HIV-1-infected patients and to prevent vertical transmission of the virus during pregnancy [1, 2] . Although NRTI-based drug combinations provide unquestionable benefits by reducing mother-to-child transmission of HIV-1 from *25 to \2% [1] [2] [3] , they may impose long-term health risks for cancer and mitochondrial disease as the uninfected children age [4] [5] [6] [7] . AZT-based therapies have been found to cause mitochondrial damage in HIV-1-infected adults, with mitochondrial dysfunction considered a critical element in the development of AIDS-or treatment-related cardiomyopathy [8] [9] [10] . In transplacentally exposed children, the extent to which NRTIs affect mitochondria and the subsequent risk for developing cardiac abnormalities later in life remain controversial [1, 2, [5] [6] [7] 11] . Most HAART regimens consist of two or more NRTIs plus a protease inhibitor or a non-nucleoside reverse transcriptase inhibitor; these combinations have been shown to be more effective clinically than monotherapy [1, 2] . During pregnancy, the U.S. Public Health Service recommends that NRTI-based regimens be given during the last 6 months of pregnancy, intravenously during labor and delivery, and to the infant for 6 week postpartum [12] . However, studies of humans and monkeys, and in vitro systems using human cells, have shown that combined NRTI exposures, while highly effective in suppressing viral replication, work in an additive/ synergistic fashion in producing toxic effects [6, 13, 14] .
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NRTI-related toxicity and host cell DNA damage may result in part from the mechanism by which they inhibit viral replication. AZT and other NRTIs are analogs of endogenous nucleosides and require intracellular bioactivation from the parent compound to their respective triphosphate moiety to suppress HIV-1 replication [15] . The major mode of action of AZT is to inhibit viral DNA synthesis through binding to HIV-1-specific reverse transcriptase and incorporation of 5 0 -AZT-triphosphate into proviral DNA; AZT-triphosphate lacks the 3 0 -OH of the deoxyribose sugar that serves as the site for the 5 0 to 3 0 -phosphodiester bond with the proceeding nucleic acid, causing premature termination of proviral DNA synthesis [16] . This mode of action also results in the incorporation of NRTIs into host cell nuclear DNA and mitochondrial DNA (mtDNA), a phenomenon demonstrated to occur following transplacental exposure of mice, patas monkeys, rhesus monkeys, and newborn humans [17] [18] [19] .
NRTI-induced alterations in mitochondrial structure and function are hypothesized to result from interference with various mechanisms involved in the normal maintenance of mitochondrial function, including (a) direct inhibition of mtDNA replication and repair via inhibition of mtDNA polymerase c, (b) alterations in cellular metabolism affecting oxidative phosphorylation (OXPHOS) enzyme activity, and (c) mutations via incorporation of the NRTI into mtDNA, replication blockage, and generation of reactive oxygen species [8-10, 20, 21] . DNA polymerase c, the only known regulating enzyme in mtDNA replication, is preferentially inhibited by NRTIs over other cellular polymerases and causes mtDNA depletion and disruption of mtDNA structure [20, 21] . mtDNA depletion decreases the synthesis of proteins essential for OXPHOS enzyme activities, causing a disruption in OXPHOS function, energy loss via decreased ATP production, and subsequent increases in electron leakage from the electron-transport chain leading to formation of reactive oxygen species that damage proteins, lipids, and mtDNA [9] .
Although NRTI-based perinatal prophylaxis of HIV-1 is shorter than life-long treatment of HIV-1-infected patients, in utero exposure occurs during a developmentally sensitive period [22] . Thus, the effect of perinatal exposure could be significantly different from that seen in long-term treatment of HIV-1-infected patients, in which symptoms related to NRTI-induced mitochondrial damage often resolve after discontinuation of NRTI treatment [8, 21] . It appears that uninfected infants in whom NRTI-based HIV-prophylaxis is completed after the first 6 weeks of life respond differently from NRTI-treated adult patients, as indicated by reports of persistent clinical symptoms and lactic acidemia related to mitochondrial dysfunction in uninfected children who received perinatal NRTIs [5, [23] [24] [25] . Since NRTIs are central to HAART for reducing mother-to-child transmission of HIV-1 in well-resourced settings [1] [2] [3] , it is important to determine the nature and magnitude of the long-term effects of in utero NRTI exposure as well as the mechanisms underlying the toxicities of these compounds [6] [7] [8] [26] [27] [28] .
Experiments in animal models of human transplacental exposure have demonstrated that NRTIs act as mitochondrial toxins with the potential to induce abnormalities in tissues with high energy demand such as the heart [6, 8, [28] [29] [30] . For example, using a B6C3F1 mouse model for in utero exposure to AZT or AZT/3TC, Walker and colleagues [28] found acute cardiac toxicity with ultrastructural pathology, loss of mitochondria, and altered echocardiographic measurements in newborn mice. Cardiac pathology and dysfunction persisted into adult life, as evidenced by significant dose-dependent heart enlargement, atypical mitochondria and myofibril alterations, changes in OXPHOS enzyme activity, and increased numbers of mtDNA mutations in female mice given AZT in utero compared with controls at 18 to 24 months of age.
The work reported here was planned to extend the latter studies [28] by examining persistence and progression of structural alterations in mitochondria and cardiac tissue at interim time points in the life of the mouse following in utero exposure to AZT, 3TC, or AZT/3TC at human-equivalent doses of the NRTIs. The temporal relationships between transplacental NRTI exposures, structural damage in mitochondria and cardiac tissue, and resolution of the initial damage burden was delineated via light microscopic and ultrastructural studies of hearts from female mice at 13 and 26 weeks of age following in utero exposure to AZT, 3TC, or a combination of AZT/3TC. A companion report examined the effects of AZT, 3TC, or AZT/3TC upon endpoints indicative of heart function, growth, and/or development, including assessments of alterations in mtDNA content, OXPHOS enzyme activities, mtDNA mutations, and echocardiography in the same mouse offspring [31] .
Materials and Methods
Chemicals, Animals, and Exposures
AZT and 3TC were obtained from Byron Chemical (Long Island City, NY). Reagents used for tissue fixation and transmission electron microscopy (EM) were obtained from Ted Pella, Inc. (Redding, CA) and were of the highest grade available.
Date-mated female CD-1 mice were obtained from Charles River Laboratories (Wilmington, MA) and delivered to our animal facility on gestation day 10. After a 2-day acclimation period, pregnant dams were weighed, and, using a table of random numbers, were assigned to one of four groups (n = 3-7 pregnant mice/dose group) for treatments on gestation days 12 through 18 of an 18-19 day gestation period. The pregnant dams were weighed and lightly anesthetized with isofluorane and O 2 at 1L/min, and then a drug(s) or vehicle alone was given once daily by gavage. Treatment groups were as follows: 80 mg AZT/kg bw, 40 mg 3TC/kg bw, or 80 mg AZT/kg plus 40 mg 3TC/kg bw for combined exposures. The compounds were dissolved in sterile PBS, which also served as the vehicle for treating control mice.
The care and housing of mice at Lovelace Respiratory Research Institute conformed to federal guidelines. All procedures using animals were approved by the Institutional Animal Care and Use Committee. Mice were housed in temperature (72 ± 4°F)-and humidity (50 ± 10%)-controlled rooms with 12-h light/12-dark cycle. Pregnant dams were individually housed in standard propylene mouse cages with sterilized bedding and nesting material. After parturition, the pups were housed with the dams until weaning. At weaning, female pups were weighed, ear tagged, and separated into cages. Offspring also were weighed at 7, 13, 22, and 26 week of age, depending upon whether they were held for 13 or 26 week postpartum. Certified rodent chow (#2025C from Harlan-Teklad, Indianapolis, IN) and filtered tap water were freely accessible to the mice. Daily monitoring of animals for health status/ abnormal behavior was performed.
Euthanasia, Necropsies, and Disposition of Tissues
Male Offspring
Groups of male mouse offspring from each treatment group were euthanized by CO 2 asphyxiation on postpartum days 13, 15, or 21, and splenic and thymic lymphocytes were isolated to determine whether transplacental AZT and 3TC had additive or synergistic mutagenic effects at the Hprt locus. Results from these studies of male mice are reported elsewhere [14] .
Female Offspring
Previous studies suggested that female offspring have greater sensitivity to mitochondrial damage subsequently leading to cardiac abnormalities following perinatal exposure to AZT, 3TC, or AZT/3TC [22, 28, 30] ; therefore, in this study, only analyses of mitochondria from hearts of female offspring were conducted. Female mice were randomly selected for euthanasia, necropsy, and collection of tissues at 13 and 26 week postpartum. At necropsy, hearts and other tissues were collected for evaluation of mitochondrial integrity. Hearts were expunged of blood, weighed, sectioned, and stored or placed into appropriate fixatives for performing various assays [31] . Heart-to-body weight ratios for individual animals were then determined.
Light Microscopic Examination of Heart Sections
Hearts were sectioned at necropsy in a manner to obtain a transverse section containing ventricular free walls and the interventricular septum for visualization of cardiac tissue architecture at the light microscope level. Sections were preserved in a modified Karnovsky's fixative (2% paraformaldehyde and 2.5% glutaraldehyde in pH 7.2-7.4 sodium phosphate buffer) and kept at 4°C until processing. The heart sections were processed using standard procedures, and 10-lm sections of paraffin-embedded tissue were mounted on glass slides and stained with hematoxylin and eosin (H&E) for routine examination by light microscopy for histopathological changes. Two serial sections of heart from the same paraffin blocks were taken parallel to the H&E sections and were stained with either Masson's trichrome to distinguish connective tissue and muscle fibers or phosphotungstic acid-hematoxylin (PTAH) to identify muscle striations. Sections stained with Masson's trichrome were scored in a blinded fashion based on an approximation of the percentage of cardiomyocytes exhibiting pallor, a loss of normal intensity of staining, and ability to distinguish muscle fibers and cross-striations. The applied semi-quantitative scoring scheme is described in a footnote to Table 1 .
Transmission Electron Microscopy of Heart Sections
Sections of hearts taken at necropsy for EM studies were preserved in a modified Karnovsky's fixative and kept at 4°C until processing. Heart sections from three to four female mice from control and treatment groups at the 13-and 26-week time points were randomly selected and cut into three to four 1-mm thick sections for embedding. A previously described procedure was used for the preparation of cardiac tissue [28] , with minor revisions. Briefly, portions of heart tissue were postfixed in 0.1 M osmium tetroxide buffer for 1 h, rinsed with water and dehydrated through a series of graded alcohol washes (50-100%) and then washed twice with propylene oxide. The tissues were then infiltrated with a series of graded propylene oxide and epoxy resin (Eponate 12 Resin) mixtures over the course of three 24-h periods and allowed to cure in pure epoxy resin in an oven at 60°C for 18 h. Thin sections were made with an ultramicrotome (Ultracut E, North Vale, NJ) and mounted on a 180 mesh grid. Uranyl acetate and lead citrate were used to stain the mounted thin sections that were allowed to dry and then observed with an electron microscope (H7000, Hitachi, Tokyo, Japan) operated at 75 kV.
For each mouse, a random numbers scheme was used to determine the field of view that would designate the starting point and also the other fields of view that would be photographed while an entire grid was scanned. Photographs were taken at 30,0009 magnification or lower. A semiquantitative scoring scheme was developed to grade each photomicrograph, and an average score was calculated for each mouse in each treatment group. These scores were used for statistical analyses and to calculate an average for each treatment group. The applied semi-quantitative scoring scheme is described in a footnote to Table 2 .
Statistical Analyses
Statistical significance of the differences in body weights, heart weight as a percentage of body weight, degree of light microscopic or ultrastructural pathology in hearts of NRTI-treated groups versus vehicle-exposed mice, or one NRTI treatment group versus another group of AZT-, 3TC-, or AZT/3TC-exposed mice, were evaluated via two-way ANOVA and the Holm-Sidak method for multiple comparisons. The null hypothesis for each test states that there is no difference between the vehicle-exposed and Table 1 Semi-quantitative light microscopic analysis of heart sections from 13-or 26-week-old female CD-1 mice exposed transplacentally to 3TC, AZT, or AZT/3TC
Treatment group
Group sizes Mean score ± SE at 13 weeks Mean score ± SE at 26 weeks
Comparisons of values at 13-versus 26-weeks-of-age (P-value) individual treatment groups or between single NRTI and combined NRTI exposures. A P-value \ 0.05 was considered significant.
Results
Gross Heart Weights and Light Microscopic Histopathological Findings in Heart Sections
No significant differences in body weights, heart weights, or heart-to-body weight ratios were found between vehicleor NRTI-exposure groups at either 13 or 26 weeks of age (data not shown). Light photomicrographs of cardiac tissue cross-sections, which were collected from mice at 13 and 26 weeks postpartum, were stained using standard H&E and special stains. Longitudinal sections of cardiac muscle photographed at higher magnification (2009) are illustrated ( Figs. 1 and 2 ), but transverse and oblique sections were examined closely as well. H&E-stained sections of hearts from NRTI-exposed mice showed minor histological changes at 13 and 26 weeks of age (Figs. 1d, 2d , g, j) compared with vehicle-exposed mice (Figs. 1a and 2a) , but the differences seen on H&E were not significant or quantifiable. When heart sections were stained with trichrome and PTAH (Figs. 1 and 2) alterations in myofibril, organization and integrity were readily apparent in NRTI-exposed mice compared with controls; however, the overall distribution of lesions was more easily quantified using trichrome as a differential stain at a lower magnification (409, Fig. 3 ). Morphological changes found with differing stains in hearts of control and NRTI-treated mice at 13 and 26 weeks postpartum are described first below, followed by comparisons of the percentage of cardiomyocytes affected.
Heart sections from most vehicle-exposed mice at 13 weeks (Fig. 1a-c ) and all vehicle-exposed mice at 26 weeks (Fig. 2a-c) consisted primarily ([98%) of tightly packed cardiomyocytes with central nuclei and muscle bundles of similar size that stained uniformly dark red with trichrome (Figs. 1b, 2b , and 3a) and uniformly dark blue with PTAH (Figs. 1c and 2c) . Less than 2% of cardiomyocytes from 6/8 control mice necropsied at 13 weeks exhibited hypochromia (pallor) that appeared in trichrome- Photomicrographs from each mouse (number of mice/litters examined: vehicle = 6 mice/4 of 6 l, 3TC = 6 mice/3 of 3 l, AZT = 7 mice/5 of 6 l AZT/3TC = 10 mice/5 of 5 l) were scored, and an average was calculated for all micrographs from each individual animal; these values were then averaged across the group to get an average ± standard error. The semi-quantitative scoring scheme was as follows: (0) within normal limits, nearly all mitochondria present had typical round or oblong shape and dense matrices containing closely packed, dark staining, and intact cristae that were situated between intact myofibrils organized into evident sarcomeres with apparent Z-discs and M-lines.
(1?) mild, most mitochondria were typical in shape and numbers of cristae, occasionally a minimally swollen mitochondrion with apparent reduction in prominent cristae was identified, and alterations of myofibrils or sarcomeres were not evident. (2?) moderate, the number of mitochondria per cell was either nearly doubled or significantly reduced compared to samples scored (0) or (1?), many mitochondria were enlarged with some reduction in the number of prominent cristae and breaks in myofibrils and indiscernible sacromere Z-discs were evident in several areas. (3?) marked, clusters of highly damaged mitochondria within a cell that were abnormal in size, shape, and concentration of cristae were found, damage of myofibrils and sarcomere architecture was apparent, and occasionally a giant mitochondria containing little to no cristae or central architecture was found. (4?) severe, all or almost all mitochondria were atypical in the field of view and there was a lack of organization within muscle bundles with widespread muscle fiber damage and sarcomere disorganization. P-values for differences between the average values for individual animals in each NRTI-exposure group versus vehicle-exposed animals were obtained using a two-way ANOVA with a Holm-Sidak post hoc test * Significant P-values stained sections as occasional individual cells or small clusters of cells with uniform areas of pallor and less prominent myofibrils and cross-striations than adjacent muscle bundles (Fig. 2b) . Areas of normal architecture and staining in the heart from one control mouse at 13 weeks of age were interspersed with several large clusters of hypochromatic cardiomyocytes with less prominent longitudinal fibers and cross-striations using trichrome or PTAH stains; these changes involved approximately 10% of the tissue cross-section (not shown). These latter findings in cardiac tissue sections of some 13-week-old mice but not in comparable sections from 26-week-old mice are reflected in the scores of 0.25 ± 0.39 versus 0.0, respectively (Table 1) . Histopathological changes in hearts from NRTI-exposed mice at 13 and 26 weeks included areas of increased basophilia (Figs. 1g, j, and 2d) , multifocal or coalescing hypochromatic or mottled (mixed staining) areas (seen at low magnification, e.g., Fig. 3b ), attenuation of myofibers (Fig. 1j) , muscle bundles/branches with a glassy, hyaline appearance and near/total loss of distinct longitudinal fibers and cross-striations (Figs. 1e-k and 2f-l) , and enlargement of the endomysial space with slightly increased numbers of satellite cells and/or macrophages (Figs. 1d, k, l, 2d , i, g, j-l). Muscle bundle thickness was variable; scattered clusters of cells had attenuated fascicles/branches reduced to less than twice the diameter of the centrally located nucleus compared with control cells with muscle bundles *3-times the diameter of the nucleus (Fig. 1h, j-l) . Fewer small clusters of dark-staining cells had thickened muscle bundles that had undergone hypertrophy to 5-to 6-times the diameter of the nucleus (not shown).
In general, the above morphologic changes were greatest in tissue sections from mice exposed to AZT/3TC and were more pronounced in hearts collected at 13 weeks than at 26 weeks, showing a general trend toward resolution of the light microscopic lesions. However, even though the large regions of hypochromia visible at low magnification at 13 weeks (Fig. 3) appeared to resolve by 26 weeks, higher magnification evaluations showed further deterioration of a subset of changes including multifocal attenuation or hypertrophy of muscle bundle thickness (Fig. 2k, l) and widening of focal endomysial spaces. In addition, heart sections from NRTI-exposed mice at 26 weeks showed evidence of loss of individual cardiomyocytes, including ). An increase in basophilic staining (white arrow) and an attenuation of myofibers (arrowhead) was visualized with H&E staining in heart sections from NRTI-exposed mice (g,j). For trichrome and (e, h, k) and PTAH (f, i, l) staining, NRTI exposure resulted in pale or mottled (mixed staining) muscle bundles with some areas having a hyaline appearance with loss of distinct fibers and cross-striations (black arrows). Increases in endomysial space were seen most often in AZT/ 3TC-exposed mice (asterisks). Photomicrographs from each group represent parallel and serial sections from the same paraffin-embedded heart. Bar represents 30 lm rare clusters of hypochromatic cells with pyknotic nuclei and/or myofibrils replaced by amorphous material or basophilic granules (not shown). These progressively worsening changes are noteworthy because they did not fit the general trend toward lesion resolution that was observed for the majority of lesions visible at the light microscopic level, and because their presence and progression were confirmed in the EM studies described below.
The overall impact of transplacental NRTI exposure on cardiac histology was dramatic at 13 weeks postpartum, with 75, 62.5, and 87.5% of mice exposed to 3TC, AZT, and AZT/3TC, respectively, showing effects upon[50% of the cardiomyocytes visible in cross-sections of heart tissue (e.g., Fig. 3a, b) . The effects were greatest following transplacental AZT/3TC treatment, with 62.5% (5/8) of mice having hearts exhibiting 85-95% of cardiomyocytes with histological alterations and diminished trichrome staining of muscle bundles.
At 13 and 26 weeks of age, all three transplacental NRTI exposures induced significant histological damage compared to vehicle-exposed hearts (P-values from \0.001 to 0.039, Table 1 ). AZT/3TC induced significantly more damage than AZT at 13 weeks; the drug combination also induced more damage than either 3TC or AZT at 26 weeks (Table 1) . No significant differences were observed in damage levels induced by 3TC versus AZT at either time point. Both 3TC and AZT-exposed cardiac tissue underwent significant reductions in damage burden between 13 and 26 weeks (P B 0.01), showing that even though the resolution processes were not sufficient to restore normal/near normal cardiac structure, they were sufficient to induce a significant change in residual damage burden. However, for heart tissues exposed to AZT/3TC, a non-significant reduction in damage was observed. These findings show that the resolution processes taking place for all NRTI treatment groups between 13 and 26 weeks were not sufficient to restore normal cardiac structure, and the residual damage at 26 weeks after AZT/3TC exposure remained significantly greater than that associated with 3TC or AZT alone.
Electron Microscopic Findings in Heart Sections
Electron micrographs of vehicle-exposed mouse hearts at 13 week of age showed uniform ultrastructural Trichrome (e, h, k) and PTAH (f, i, l) stained cardiomyocytes in hearts from NRTI-exposed mice had areas of pale or mottled muscle fibers (black arrows), loss of distinct fibers and cross-striations (black arrows), attenuation of muscle fibers (k, l), and increased endomysial space (asterisks). The magnitude of damage appeared less than that seen at 13 weeks after in utero NRTI exposure (Fig. 2) . Photomicrographs from each group represent parallel sections from the same animal. Bar represents 30 lm cardiomyocyte architecture; mitochondria were arranged in cords between bundles of muscle fibers with clearly visible sarcomeres and distinct Z-discs and M-lines (Fig. 4a, b) . Mitochondrial cristae were numerous, closely packed, and mitochondrial matrix electron density approached that of the Z-discs. Myofilaments were tightly packed, and granularity was minimal. A rare mitochondrion had loss of prominent cristae (Fig. 4a, above center) , and an occasional small cluster had slightly enlarged mitochondria compared to adjacent mitochondria (Fig. 4b) . EM findings in cardiac tissues of vehicle-exposed mice at 26 weeks of age were similar to those observed at 13 weeks of age, except that focal areas of mitochondria with mild size variation that was greater (Fig. 5a, b) than seen in heart sections of 13-week-old mice (Figs. 4a, 5b) .
At 13 weeks postpartum, individual mitochondria in cardiac tissue from mice exposed to 3TC (Fig. 4c, d ) had considerable size variation equal to or greater than that observed in other treatment groups (Fig. 4a, b, e-h ). Scattered clusters of mitochondria had increased numbers of relatively small mitochondria, or, in contrast, mild to moderately enlarged mitochondria, with reduced numbers of cristae and matrix density when compared to that seen in control animals (Fig. 4c-d) . As much as *1/3 of the mitochondria in a field on average were atypical. Several photomicrographs from this exposure group contained areas with mitochondrial loss or 'dropout', where only a faint membrane remained as a mitochondrial residue (not shown). Sarcomere myofilaments were more loosely arranged than those of control mouse hearts and/or had a wavy appearance with focal electron lucent areas (Fig. 4c, d ).
Ultrastructural changes in heart muscle from 13-weekold AZT-exposed mice involved *1/3 of the mitochondria per field and included areas of relatively reduced numbers of mitochondria of normal size and electron density (Fig. 4e) and scattered clusters of mitochondria enlarged up to twice the size of a typical mitochondrion (Fig. 4f) . These enlarged mitochondria were often irregularly shaped and had reduced numbers of cristae and matrix density with focal electron lucent areas (Fig. 4f) . In scattered areas, sarcomere myofilaments were loosely arranged with focal areas of electron lucency, Z-discs had reduced electron density and irregular or curvilinear morphology, and increased numbers of medium and coarse electron dense granules were present.
An array of ultrastructural lesions was seen in 13-weekold AZT/3TC-exposed mice, with up to 50% of the mitochondria per field being atypical. Changes included a reduction in the total number of mitochondria present and an increase in sarcoplasmic space (Fig. 4g, lower cell) , decreased cristae numbers and matrix electron density or increased cristae and membrane density making the (usually unapparent) double mitochondrial membrane visible, and scattered clusters composed of mildly to markedly enlarged and/or irregularly shaped mitochondria (Fig. 4h) . Sarcomeres were composed of loosely to tightly packed myofilaments, with focal areas of irregular or curvilinear morphology, and Z-discs varied in density. Some cardiomyocytes contained mitochondria with normal ultrastructural morphology (Fig. 4g, uppermost cell) , while adjacent cells had a reduction in the total number of mitochondria present and an increase in sarcoplasmic space (Fig. 4g,  lower cell) . The phenomenon of finding two cells in the same photomicrograph with morphologically distinct populations of mitochondria was observed only in tissues from mice exposed to AZT/3TC. Ultrastructural changes in hearts of 26-week-old 3TC-exposed mice were found in scattered areas occupying less than one-third of the sections and included increased numbers of moderately enlarged atypical mitochondria ( Fig. 5d ) with reduced numbers of prominent cristae (Figs. 5c, d ) and increased matrix electron lucency (Fig. 5c) . In focal areas, sarcomeres were composed of loosely arranged, non-parallel (wavy) myofilaments with loss of electron density and/or with loss of resolution of Z-lines and/or presence of curvilinear Z-lines (Fig. 5d) . At 26-weeks, 3TC-exposed mouse heart tissue had fewer but more advanced lesions in mitochondria, as well as more changes in sarcomeres compared to cardiac tissue from the same exposure group evaluated at 13 weeks, but the earlier time point revealed greater numbers of mildly atypical mitochondria.
Changes in cardiac tissue at 26 weeks postpartum in mice exposed to AZT also affected less than one-third of the mitochondria and included loosely organized mitochondria and/or tightly packed enlarged mitochondria (Fig. 5e, f, respectively) , with cristae that varied in number and electron density. Scattered mitochondria had increased matrix electron lucency. Sarcomeres were composed of loosely to tightly packed myofilaments, and in focal areas Z-discs had reduced electron density and/or were curvilinear. Other changes included increased sarcoplasmic spaces (Fig. 5e, f) , occasional loss of continuity of myofibrils, and increased numbers of medium and coarse electron dense granules. Comparisons between vehicle-exposed heart tissues collected at 26 versus 13 weeks revealed subtle mitochondrial changes in the former; these changes included increased size variation between mitochondria and the presence of enlarged mitochondria with reduced numbers of cristae (Fig. 5a, b) compared to those seen in hearts of 13-week-old control mice (Fig. 4a, b) .
Changes in hearts of 26-week-old mice exposed to AZT/ 3TC included clusters of significantly enlarged, severely damaged mitochondria with significantly reduced cristae numbers and reduced matrix density with focal electron Fig. 4 a-h Representative transmission electron micrographs from female CD-1 mice necropsied at 13 week of age following transplacental exposure to vehicle, AZT, 3TC, or AZT/3TC on days 12-18 of gestation. a (15,0009): vehicle-exposed control mouse cardiac muscle; mitochondria have representative size, cristae numbers, and density of matrices, are located between organized muscle fibers bundles; sarcomeres have discrete Z-bands and M-lines; a rare mitochondrion has reduced cristae numbers; b (20,0009): representative control mouse mitochondria and myofibrils. c, d 3TC-exposed mouse cardiac muscle; c (15,0009): enlarged mitochondria have reduced cristae numbers and disorganized myofilaments with reduced density; d (30,0009): mitochondria have reduced matrix density and cristae numbers; sarcomeres have reduced myofilament and Z-line density. e, f (20,0009): AZT-exposed mouse cardiac muscle; e: mitochondria have reduced numbers and fewer cristae; f: enlarged mitochondria have reduced matrix density, reduced cristae numbers, increased matrix granularity; sarcomeres have reduced myofilament and Z-line density. g, h: AZT/3TC-exposed mouse cardiac muscle. g (15,0009): two cells with different mitochondrial populations; uppermost cell: mitochondria have representative characteristics of controls; lower cell: mitochondria have reduced numbers, matrix density; sarcoplasm is increased with increased granularity; h (20,0009): enlarged mitochondria have reduced cristae numbers, sarcomeres have reduced myofilament and Z-line density, increased myofilament disorganization lucent areas, cavitated mitochondria with or without marginated and truncated cristae, loosely arranged mitochondrial clusters with areas of mitochondrial 'dropout' or bizarre forms, and 'giant mitochondria that spanned the length of 5 to 6 sarcomeres (Fig. 5j) , with substantial changes in arrangement and electron density of cristae (Fig. 5g, h ). Sarcomeres showed a range of changes including variations in electron density, in the compactness of myofibrils, and in the density and morphology of Z-discs. These changes involved from *50% to, in one mouse, [90% of mitochondria (Fig. 5g-j) .
At 13 and 26 weeks, the ultrastructural damage scores were significantly different for all treatment groups compared to the vehicle-exposed group (Table 2) , findings Table 1 . In addition, at both time points the AZT/3TC treatment induced significantly more damage than either of the single treatments, which were not significantly different from each other. However, in contrast to the damage resolution observed by light microscopy between 13 and 26 weeks, results in Table 2 showed no significant change in the damage burden in mouse hearts exposed to 3TC or AZT (P C 0.05), and significant progression/deterioration during the same time period in heart tissues exposed to AZT/3TC (P \ 0.002) ( Table 2 ). Based upon the ultrastructural study results, the female mouse heart capacity for damage resolution was adversely affected by all three treatments, and AZT/3TC had a significantly greater deleterious effect upon this damage resolution capacity than 3TC or AZT.
Discussion
The current study was designed to delineate temporal changes in the structure of cardiac tissue and mitochondria at the light microscopic and ultrastructural levels following in utero exposure of female CD-1 mice to AZT, 3TC, or AZT/3TC. The results showed that in utero exposure of female mice to AZT, 3TC, or AZT/3TC induced a significant cardiac damage apparent at 13 weeks that remained significantly increased at 26 weeks, and AZT/3TC induced significantly greater burden than did 3TC or AZT alone. Significant differences in drug effects upon damage resolution capacity were observed at the both light and electron microscopic levels for single versus combined NRTI treatments, with AZT/3TC showing either modest but significant lesion resolution or significant lesion deterioration from 13 to 26 weeks postpartum.
The study design had a couple of limitations. First, since transplacental AZT-based exposures induced cardiovascular alterations in both male and female mice and rats [22, 28, 30] , valuable sex-dependent differences in cardiotoxic effects of NRTIs might have been gained if both sexes had been assessed in the current study. The work was limited to female mice, however, due to restricted resources and the observations that females appeared more sensitive than males to cardiovascular effects following perinatal exposures of mice to AZT or AZT/3TC [22, 28, 30] or humans to NRTI-based combination drug therapies [32; unpublished data from Dr. Steven Lipshultz, University of Miami]. Second, the nature and range of ultrastructural changes in hearts of mice exposed to AZT alone versus 3TC alone appeared to have some distinctive features (not easily shown in a few figures) suggesting a possible difference in pathogenic mechanisms of the two NRTIs; the typical sample size for EM studies was too limited to develop a scheme for assessing these apparent morphological differences.
In the current study, subtle to marked changes in cardiac tissue were detected in NRTI-exposed female mice using standard and differential staining techniques on heart sections. These changes included multifocal areas of myofibrils within a hypochromatic heart section, suggestive of a decrease in myofibril density or disorganization of myofibrils such that the stain was not taken up as well. Importantly, hypochromatic areas were found to coexist in serial sections stained with trichrome and PTAH, indicating that these findings are not a phenomenon of a random staining effect. Attenuation of muscle bundles, either from a loss of myofibrils or thinning of the myocytes also occurred in hearts from NRTI-exposed mice, and was identified in sections using all three stains. Additionally, increases in endomysial space found in some heart sections may be indicative of a loss of damaged myocytes. Notably, the attenuation of muscle bundles and increase in endomysial space found by light microscopy were highly consistent with the thinning of muscle fibers and the approximate doubling of mitochondrial numbers found between muscle bundles by EM, particularly in AZT/3TC-exposed mice at 26 weeks of age.
Molecular changes associated with the resolution effects observed by light microscopy cannot be described because the molecular components that affect the binding of the special stains used in these studies have not been determined definitively to date. It is important to note, however, that this lack of knowledge should not be used as a basis for discounting the evidence of varying degrees of lesion resolution found in the light microscopy studies. Instead, the light and EM studies suggest that a variety of lesion resolution processes occur in mouse heart tissues exposed transplacentally to NRTIs, that some types of damage are resolved successfully while others are not, and that different NRTIs affect these processes differently.
Our observations of ultrastructural defects in cardiomyocytes of mice exposed in utero to AZT, 3TC, or AZT/ 3TC are consistent with the results of earlier studies in experimental models, including mice and monkeys. In adult mice (including transgenic and 'AIDS' mice), there was EM evidence of abnormal cardiac structure visible months after treatment with AZT, 3TC, and other individual or pairs of NRTIs [33] [34] [35] [36] . Bishop and coworkers [22] exposed CD-1 mice to AZT and 3TC during gestation, lactation, and up to postnatal day 28 and evaluated cardiomyocyte and mitochondrial ultrastructure at 4 weeks of age. Semi-quantitative evaluation revealed mitochondrial enlargement, disruption in arrangement and cristae, and spatial disorganization of mitochondria in exposed mice. Transplacental exposure of female mice to AZT or AZT/3TC produced acute toxicity and substantial loss of mitochondria in newborn mice leading to significantly enlarged hearts, containing frequent clusters of mitochondria and myofibrils with substantial abnormalities, at 18 to 24 months after birth [28] . In the current study of female mice exposed in utero to AZT, 3TC, or AZT/3TC, the greater range in EM lesions including myofibril alterations at 26 week of age were indicative of a progression of damage from what was seen at 13 week of age. Alterations in sarcomeres and myofibrils were not as pronounced as those seen in monkeys; yet, dissolution of Z-bands and myofibril breaks were observed in treatment groups of mice at 26 week of age. Exposure of mice to AZT/3TC together appeared to have an additive effect in producing mitochondrial and myofibril damage, including the frequent occurrence of remarkably large mitochondria not seen after single-drug treatments. It is uncertain whether these 'giant' mitochondria arose from fusion of two or more incompetent mitochondria as a compensatory mechanism to generate ATP, or whether fission was at work and the mitochondrion was in the process of being removed from the population.
In utero exposure of Erythrocebus patas monkeys to human-equivalent doses of AZT, 3TC, and other NRTIs alone or in combinations caused significant ultrastructural changes to mitochondria with myofibrillar loss and degradation of fetal cardiac and skeletal muscle at birth [30, 37, 38] . When exposures were extended to the postnatal period and cardiac tissue was examined ultrastructurally at 1 year of age (in other exposed monkeys), patas monkeys treated with AZT alone or in combination with other NRTIs were found to have clusters of damaged mitochondria with some EM lesions having resolved successfully, others retained without evidence of resolution, and others altered further suggesting progression [39] . Both male and female offsprings were examined in these monkey studies, but the samples sizes to date are too small to access potential gender differences [unpublished data, Dr. Miriam Poirier, NCI].
The findings of some lesions that resolved along with other lesions that deteriorated further over time suggest that multiple, differing processes may be involved in the response to transplacental exposure to NRTIs. At 13 week postpartum, as many as 95% of the cardiomyocytes in hearts of mice exposed in utero to AZT/3TC exhibited uniform or mottled hypochromatic areas or reduced staining with trichrome and PTAH, suggesting that the changes induced by transplacental NRTI treatment were pervasive. The significantly lower levels of residual histopathological changes at 26 week postpartum in NRTI-exposed mice showed the capacity of the mouse heart to resolve much of this damage. However, the occurrence of hypertrophy of some muscle bundles and increased attenuation of more muscle bundles, widening of the endomysial space, loss of individual cardiomyocytes, and progression of ultrastructural changes suggested that this damage resolution process, which appeared to be effective at the light microscopic level, was not able to alter the progression of some processes induced by the transplacental exposures. This conclusion is supported by echocardiography studies in the same NRTI-exposed mice; these studies demonstrated a decrease in left ventricular posterior wall thickness that progressed between 13 and 26 weeks postpartum in NRTI-exposed mice relative to vehicle-exposed mice [31] . The combined EM data from hearts of mice necropsied at birth, 4, 13, 26 week, and 18-24 months [22, 28, current work] support the hypothesis that transplacental exposure of mice to AZT and/or 3TC first causes acute mitochondrial and cardiac toxicity found at birth, then this damage largely resolves around 4 week of age and is followed by remodeling of some persistent lesions that lead to delayed, progressive cardiotoxicity.
Foster and Lyall [7] have noted that cumulative (mitochondrial) toxicities are becoming progressively apparent in children receiving HAART, and that, in an era of expanding treatment options, minimizing toxicities becomes an increasing possibility. Given that NRTIs are likely to remain the backbone of HAART for the near future, our findings in transplacentally exposed mice suggest that this experimental system may be a useful model for investigating chemoprevention of NRTI-induced mitochondrial toxicity and cardiotoxicity, in the manner that a rat model has been used to assess dexrazoxane-based prevention of doxorubicin-induced delayed cardiotoxicity [40] . Ever increasing data indicate that long-term monitoring and cardiac outcome studies of children receiving perinatal antiretrovirals is a necessity [7, 32] .
